Purpose To demonstrate the relationship between epicardial fat accumulation and left atrial reverse remodeling by cardiac multi-detector CT (MDCT) after catheter ablation of atrial fibrillation (AF).
INTRODUCTION
Atrial fibrillation (AF) is a common arrhythmia related to severe mortality and morbidity (1) . In electrophysiology, AF can be viewed as a rate-related cardiomyopathy (2, 3) . Catheter ablation for electrical isolation of cardiac arrhythmogenic substrates in cardiomyopathy has gained wide acceptance for the management of drug-refractory AF (4, 5) . Since the introduction of catheter ablation, various changes of cardiac structures following catheter ablation of AF have been also reported (5) (6) (7) .
Usually, the development and progression of AF may be associated with the electrical and structural left atrial (LA) remodeling (2, 3) . LA remodeling commonly results in the increase of LA volume (LAV) (2, 3) . Interestingly, catheter ablation of AF can make the LA chamber shrink due to ablation-induced LA wall injury (6, 8) . The shrinkage of LA chamber after catheter ablation of AF is a common finding of post catheter ablation status, and is defined as LA reverse remodeling (6, 8) .
Epicardial fat is a form of visceral fat around the heart, and acts as an important source of inflammatory mediators (9) (10) (11) . Epicardial fat accumulation can contribute to the development and progression of AF with the release of inflammatory mediators (12, 13) . Generally, epicardial fat accumulation is represented by epicardial fat volume (EFV) and epicardial space thickness (EST) (13) (14) (15) . Previous studies demonstrated that the increase of EFV and EST may be an independent risk factor of AF recurrence after catheter ablation of AF (13, 16) .
However, to the best of our knowledge, the changes of EFV and EST after the catheter ablation of AF have not been investigated thoughtfully.
Recent cardiac CT examination using multi-detector CT (MDCT) scanner allows precise three-dimensional (3D) delineation of the LA chamber and epicardial fat surrounded by the LA wall and pericardium (16, 17) . Thus, cardiac CT data has been widely used for the accurate measurement of LAV and EFV. In the present study, we aimed to determine the relationship between LA reverse remodeling and epicardial fat accumulation determined with MDCT in patients who underwent catheter ablation of AF.
MATERIALS AND METHODS

STUDY POPULATION
Our Institutional Review Board approved this retrospective study, and informed consent was waived (IRB No. 2015AN0307). Based on the patient medical record system from March 2012 to March 2014, we selected 230 consecutive patients who were treated with catheter ablation of AF. Inclusion criteria were as follows: 1) adults (age > 20 years old), 2) diagnosis of drug-refractory AF, and 3) reviewable cardiac CT data before and after the catheter ablation.
In our institution, patients routinely performed cardiac CT examinations before catheter ablation of AF, however this study included patients who performed cardiac CT examinations before and after catheter ablation of AF. Therefore, our study population included patients with recurrent AF, who were treated with catheter ablation of AF at least twice. To minimize confounding effects, we excluded 154 patients with 1) time interval between cardiac CT examinations of < 6 months or > 12 months (n = 80), 2) history of cardiac intervention and sur-Epicardial Fat after Catheter Ablation gery (n = 30), 3) diabetes mellitus (n = 20), 4) hyperlipidemia (n = 15), and 5) congestive heart failure (n = 9). Eventually, this study included 76 patients who performed the cardiac CT examinations for the catheter ablation of AF at least two times with time interval of 6-12 months ( Fig. 1 ).
Clinical data were retrospectively collected from patient medical records including age, sex, body mass index (BMI) (kg/m 2 ) and AF burden (paroxysmal AF and persistent AF). According to the guidelines (1), paroxysmal AF was defined as recurring AF terminating in 7 days or less. Persistent AF indicated a history of AF sustaining beyond 7 days. of 100 Hounsfield unit (HU) above the baseline attenuation. MDCT scanning was started 6 seconds after the threshold attenuation trigger of 100 HU was reached.
CARDIAC CT PROTOCOL
Using commercially available software (Syngo; Siemens Medical Solutions), we reconstructed cardiac CT image sets in increments of 10% steps from 0% to 90% of the R-R interval on ECG. The reconstruction parameters were as follows: section thickness, 0.6-mm; increment, 0.4-mm; 470 × 470-pixel image matrix, medium smooth kernel, and 18-20-cm field of view. When all of the cardiac cycle phases were loaded, the volume rendering views of cardiac CT data sets were reformatted. The cardiac CT data set at 30% of R-R interval on ECG, which showed maximum enlargement of LA was selected for CT image analysis. 
CATHETER ABLATION OF AF
CARDIAC CT IMAGE ANALYSIS
Two reviewers analyzed the selected cardiac CT image set using commercial software (Terarecon iNtuition; TeraRecon, Foster City, CA, USA) independently. They were blinded to the timing of cardiac CT examination and clinical data.
To assess LA reverse remodeling, LAV was measured using 3D volumetric threshold-based method (19) . The endocardial contours of LA were semi-automatically traced to select the ROI on the transverse cardiac CT slices. We applied the lowest value of CT attenuation to cover the entire contrast-enhanced LA chamber as well as to eliminate the epicardial fat within the ROI. The lowest value of CT attenuation was determined, when the LA chamber was completely included. The LA appendage and pulmonary vein confluences were excluded.
Then, the LAV (in mL) was calculated from the contrast-enhanced LA chamber (Fig. 2 ).
To assess epicardial fat accumulation, epicardial fat was defined as the adipose tissue between the pericardium and the outer surface of heart chamber. Firstly, the contours of pericardium on transverse cardiac CT slices were semi-automatically traced between main pulmonary artery as the top boundary and the diaphragm as the lower boundary. Then, the voxels of fat density within pericardial contours were identified using threshold attenuation values of -190 to -30 HU (20) . After exclusion of fat density voxel in myocardium and heart chamber, the residual voxels of fat density were defined as epicardial fat voxels. Finally, the EFV (in mL) was calculated from the epicardial fat voxels (Fig. 2 ).
Epicardial Fat after Catheter Ablation
Additionally, to assess epicardial fat accumulation around the LA chamber, EST was measured on the cardiac CT images reconstructed to 4-chamber view. In the 4-chamber view at the level of the middle LA chamber, the EST at interatrial septal groove (EST-IS) and EST at atrioventricular groove (EST-AV) were defined as the longest distance (in mm) between the apex of groove and pericardium on cardiac CT 4-chamber view, respectively (Fig. 2) .
STATISTICAL ANALYSIS
All continuous variables are expressed as mean values ± standard deviation. Interobserver Table 1 . The mean age of 76 patients included in this study was 55.3 ± 10.2 years (range, 21 to 73 years); 67 (88.1%) of patients were male. The mean interval between cardiac CT examinations was 9.8 ± 4.3 months (range, 6 to 12 months). Radiation exposure was estimated from the dose-length product (DLP). Conversion factor of 0.014 mSv-mGy -1 -cm -1 was applied for radiation dose estimation.
RESULTS
Baseline characteristics of 76 patients are summarized in
The calculated radiation dose was 15-20 mSv (DLP range, 982-1181 mGy cm).
Interobserver and intraobserver reproducibility of LAV, EFV, EST-IS, and EST-AV were found to be reliable with intraclass correlation coefficients of > 0.7 ( Table 2) . Mean baseline LAV, EFV, EST-IS, and EST-AV were 144.9 ± 62.6 mL, 90.1 ± 31.9 mL, 7.6 ± 1.8 mm, and 10.7 ± Data are given as number or mean ± standard deviation. AF = atrial fibrillation, BMI = body mass index (Table 3) , LAV after catheter ablation of AF was significantly less the baseline LAV (107.5 ± 50.2 mL vs. 144.9 ± 62.6 mL, p < 0.001) ( Figs. 3 and 4 ). EFV after catheter ablation of AF was significantly greater than the baseline EFV (105.0 ± 35.6 mL vs. 90.1 ± 31.9 mL, p < 0.001) ( Figs. 3 and 4 ). EST-IS after catheter ablation of AF was significantly greater than the baseline EST-IS (9.5 ± 2.6 mm vs. 7.6 ± 1.8 mm, p < 0.001). EST-AV after catheter ablation of AF was also significantly greater than the baseline EST-AV (11.4 ± 4.6 mm vs. 10.7 ± 4.5 mm, p = 0.03).
In the assessment of CPs after catheter ablation of AF ( Fig. 4 . Comparison of the multi-detector CT measurements obtained before and after catheter ablation of AF.
A. The lines represent the trajectory of LAV for each patient. There is a significant difference in mean LAV before and after catheter ablation of AF. B. The lines represent the trajectory of EFV for each patient. There is a significant difference in mean EFV before and after catheter ablation of AF. AF = atrial fibrillation, EFV = epicardial fat volume, LAV = left atrial volume 
DISCUSSION
This study assessed the changes of LAV, EFV, and EST determined with MDCT in patients who performed catheter ablation of AF. At 6-12 months after catheter ablation of AF, we found a significant difference of LAV, EFV, and EST before and after catheter ablation of AF.
When LAV decreased in the process of LA reverse remodeling, epicardial fat also accumulated with an increase of EFV and EST after catheter ablation of AF. Furthermore, there was a significant negative relationship between LAV and epicardial fat accumulation.
Catheter ablation can isolate the substrate and trigger foci of AF with radiofrequency energy. The radiofrequency energy of catheter ablation makes LA reverse remodeling. Potential explanation of LA reverse remodeling is LA wall scarring and contraction, which may result in a remarkable decrease of LAV by 15.7% from a previous study (6) . Another previous study demonstrated that there was a statistically significant relationship between medium-term procedural success and LA chamber size (22) . However, remarkable reduction of LAV in the process of LA reverse remodeling after catheter ablation of AF may not guarantee better treatment outcome. This study also demonstrated that the patients who failed termination of AF after catheter ablation of AF showed a significant reduction of LAV by 23.3%. The clinical significance of epicardial fat accumulation determined with MDCT has been actively investigated in management of AF. Previous studies reported that epicardial fat accumulation determined with MDCT may act as a significant predictor for AF recurrence after catheter ablation of AF (13, 16, 23) . Nagashima et al. (16) reported that mean EFV was 239.0 ± 90.2 mL in patients who had recurrent AF after catheter ablation of AF. In our study results, mean baseline EFVs before catheter ablation of AF was 90.1 ± 31.9 mL in the patients who had recurrent AF. Our study showed that patients with much lower levels of EFV may have recurrent AF, compared with previous measurements of EFV after catheter ablation of AF. Although our study demonstrated the reproducibility of MDCT measurements, we were concerned by the heterogeneity of epicardial fat measurements using MDCT among various clinical institutes. It may be a critical limitation in determining the criteria to assess epicardial fat accumulation and predicting the outcome of catheter ablation of AF.
Monitoring epicardial fat accumulation may be a useful index in the management of patients with AF. Previous studies demonstrated significant change of epicardial fat during various clinical settings. Nakazato et al. (24) reported that EFV by MDCT increased with mean 13% for 4 year follow-up period in asymptomatic subjects. Furthermore, Iacobellis et al. (15) showed that epicardial fat changes are significantly associated with obesity-related cardiac morphological and functional changes during weight loss. Recent studies confirmed that epicardial fat accumulation is associated with the enlargement of LA chamber in LA remodeling (25, 26) . In our study, EFV and EST-IS increased dramatically by mean 15.9% and 27.3%
at the duration of ≤ 12 months after catheter ablation of AF. Furthermore, the increase of EFV was significantly associated with the decrease of LAV. Thus, we believe that further studies monitoring epicardial fat accumulation depending on the outcome of catheter ablation of AF may be necessary.
Our study had several limitations. First, it was a retrospective study without a normal control group. Because the study was performed retrospectively, the study group was confined to the population who had recurrent AF after catheter ablation of AF. Further studies in comparison with a control group of AF terminated with catheter ablation would help clarify the role of MDCT to determine epicardial fat accumulation. Second, other factors contributing to epicardial fat accumulation were not considered. To minimalize confounding effects, factors such as long follow-up period, history of diabetes, dyslipidemia, coronary artery disease or cardiothoracic surgery were excluded. However, other undiscovered factors could be confounding factors to our results. Third, the etiology and mechanism of increase of EFV with decrease of LAV before and after catheter ablation in patients with recurrent AF could not be determined. Further studies are required for evaluation of the etiology and mechanism of epicardial fat accumulation with LA reverse remodeling in patients with recurrent AF after catheter ablation of AF. Finally, the AF types in our study population were heterogeneous, which included persistent AF and paroxysmal AF.
In conclusion, catheter ablation of AF may result in the increase of EFV, EST-IV, and EST-AV which represents epicardial fat accumulation. Furthermore, reduction of LAV as LA reverse remodeling may be associated with epicardial fat accumulation in patients who underwent catheter ablation of AF.
